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3 is a multifunctional cytokine produced mainly by NK cells and activated T cells that plays a critical role in host immune responses against pathogens and cancer (1). Mice deficient in IFN-␥, the R1 subunit of the IFN-␥ receptor, or the transcription factor STAT1 are more susceptible to spontaneous tumor development (1) (2) (3) . IFN-␥ has also been found to have direct anti-proliferative and pro-apoptotic effects on tumor cells in animal models (4, 5) ; however, administration of high dose IFN-␥ to patients with advanced renal and ovarian cancer has had only limited success and failed to improve overall survival (1, 6) .
IFN-␥ has been shown to regulate bone cell differentiation and function with complex effects on skeletal health. However, the role of IFN-␥ in pathological bone disease is largely controversial. Previously, it has been reported that IFN-␥ can inhibit the critical osteoclast regulator, receptor activator of NFB ligand (RANKL), by activating ubiquitin-mediated degradation of its signaling pathway adaptor protein TRAF-6 (7, 8) . Mice deficient for IFN-␥ or its receptor develop enhanced bone loss associated with collagen-induced arthritis (9 -11) . In contrast, Gao et al. (12) recently found that IFN-␥ indirectly stimulates osteoclast formation and bone loss after ovariectomy via antigen-driven T cell activation, resulting in the production of osteoclast-activating factors. Interestingly, IFN-␥ has been used to treat infantile osteopetrosis in which patients suffered from high bone mass secondary to osteoclast dysfunction or osteoblast hyperactivity, but the mechanism of action may be through modulation of the host immune system rather than direct effects on bone cells (13) (14) (15) . However, the role of IFN-␥ in the treatment of osteolytic bone metastases has not been elucidated.
We evaluated the effects of IFN-␥ in HTLV-1-Tax transgenic mice that develop osteolytic bone tumors and hypercalcemia (16, 17) . Previously, it was shown that HTLV-1-Tax
mice develop increased numbers of soft tissue tumors with enhanced tumor-associated angiogenesis and up-regulation of vascular endothelial growth factor expression; however, the impact on bone metastases and hypercalcemia in these mice was not evaluated (2) . Because of the multiple complex effects of IFN-␥ on osteoclasts, anti-tumor and anti-viral immunity, we hypothesized that IFN-␥ would affect tumor-associated bone destruction and bone metastases in HTLV-1-Tax transgenic mice. In this study, we demonstrate enhanced osteolytic bone disease and increased osteoclast activity in Tax ϩ IFN-␥ Ϫ/Ϫ mice as compared with Tax ϩ IFN-␥ ϩ/ϩ mice. We show that IFN-␥ directly inhibited the growth of Tax-expressing tumor cells by suppressing their proliferation and inducing apoptosis. IFN-␥ was also able to directly inhibit in vitro osteoclast formation in Tax ϩ mice. In summary, treatment with IFN-␥ resulted in decreased tumor growth and prevented tumor-associated bone loss and hypercalcemia in Tax ϩ IFN-␥ Ϫ/Ϫ mice. Radiography-Osteolytic lesion formation was monitored by serial x-ray imaging (Faxitron, Buffalo Grove, IL). Bone mineral density, by Dual Energy X-ray Absorptiometry (DXA), was measured and analyzed by a PIXImus2 scanner according to the manufacturer's protocol (Lunar Corp., Madison, WI).
EXPERIMENTAL PROCEDURES
Serum Bone Turnover Markers-Serum tartrate-resistant acid phosphatase (TRAP), a marker of osteoclast number, was measured using a quantitative TRAP solution assay (modified from Tintut et al. (18) ), which was performed by adding a colorimetric substrate, 5.5 mM p-nitrophenyl phosphate, in the presence of 10 mM sodium tartrate at pH 4.5. The reaction product was quantified by measuring absorbance at 405 nm. Serum calcium was corrected for albumin concentration.
Tax ϩ IFN-␥ Ϫ/Ϫ Tumor Cell Line (TGN), Tumor Transplantation, and in Vivo IFN-␥ Treatment-TGN (Tax ϩ interferon-␥ null) tumor cell line was isolated from a spontaneous subcutaneous tumor that arose in a Tax ϩ IFN-␥ Ϫ/Ϫ mouse (supplemental Fig. 1 and supplemental Experimental Procedures). For tumor transplantation, 1 ϫ 10 6 TGN cells were resuspended in 200 l of Matrigel (1:1 dilution with phosphatebuffered saline; BD Biosciences) and implanted subcutaneously in the lower dorsal region of the mice as described previously (19) . Murine recombinant IFN-␥ (PeproTech, Rocky Hill, NJ) or normal saline (vehicle) was administered via intraperitoneal injection at a dose of 10 6 units/kg in 200 l of saline, three times/week starting on the same day as tumor inoculation and continuing for 3-4 weeks. Tumor volume in the living mouse was measured using bidirectional precision caliper measurements ((4/3⅐length/2⅐(width/2) 2 ). Bone Histomorphometry and ImmunohistochemistryMouse tibias were fixed in formalin, decalcified in 14% EDTA for 2 weeks, and then processed and stained for TRAP as described previously (19, 20) . OC numbers, OC perimeter, bone marrow space, and bone erosion were measured according to a standard protocol as described previously, using ImagePro Plus, version 5.0 software (Media Cybernetics, Bethesda) (19) . Peripheral soft tumor, visceral metastatic tumor, and mouse bone samples were processed as described previously (17) . For in vivo BrdUrd labeling, 200 l of 1 mg/ml BrdUrd (Pharmingen) dissolved in phosphate-buffered saline was injected intraperitoneally into mice 24 h before mice necropsy. Paraffin-embedded tissue sections from labeled tumor tissues were stained with BrdUrd antibody (BD Biosciences) by standard ABC method. Immunohistochemistry staining was done by routine ABC method according to protocol (available on line). Antigen retrieval was done using microwave heating method with 10 mM sodium citrate buffer (pH 6, DAKO). Anti-Tax monoclonal antibody (gift of Dr. Tanaka) (21) was used at 1:100 for immunohistochemistry and immunofluorescence and 1:1000 for Western blotting. For immunofluorescence staining, biotin-labeled secondary antibody combined with phycoerythrin-conjugated streptavidin (Molecular Probes, Carlsbad, CA) was used. Nuclei were counterstained by DAPI. Images were collected using a Nikon Eclipse TE300 microscope equipped with a plan Fluor lens and a magnafire camera (Optronics, Goleta, CA).
Reverse Transcription PCR-RNA was isolated from tumor cells or OC using the Qiagen RNeasy mini kit (Qiagen, Valencia, CA) according to manufacturer's protocols. RT-PCR was performed using an Invitrogen kit as described previously (17) . Primers specific for mouse IFN-␥ receptor were synthesized by IDT, and the sequences are as follows: mouse IFN-␥ receptor forward, 5Ј-CAAATACCAGGATAACTACTG-3Ј, and mouse IFN-␥ receptor reverse, 5Ј-CGAAAGACGTCTG-TATCCCTC-3Ј. HTLV-1-Tax primer and glyceraldehyde-3-phosphate dehydrogenase primers were described previously (17, 22) .
Cell Viability, Proliferation, and Apoptosis Assays-TGN cells or BMMs were plated at 3000 cells/well in 96-well plate in RPMI 1640 media containing 10% fetal bovine serum or 10% fetal bovine serum/␣-minimum Eagle's medium respectively and then incubated with different doses of recombinant murine IFN␥ (PeproTech, Rocky Hill, NJ) for 24 -72 h. For BrdUrd labeling, BMMs or TGN cells were first serum-starved for 2 h before adding IFN-␥. MTT (Sigma) and BrdUrd cell proliferation assay (Roche Applied Science) were performed as described previously (19) according to the manufacturer's instruction. Where described, 20 M U0126 MEK1/2 inhibitor (Cell Signaling Technology, Danvers, MA) was added to cells for 4 h prior to addition of IFN-␥. For annexin-V staining TGN cells were plated at 6 ϫ 10 4 cells/ml in 12-well plates, serumstarved for 2 h, followed by IFN-␥ treatment for 48 h. Cells were stained with annexin-V-fluorescein isothiocyanate and 7-amino-actinomycin D (BD Biosciences) according to the manufacturer's protocols. Data were collected on a FACSCalibur (BD Biosciences) and analyzed with FlowJo (Treestar, Ashland, OR).
Macrophage and Osteoclast Formation Assays-Whole bone marrow was extracted from femurs and tibias of Tax ϩ mice (6 -8 weeks old), and in vitro osteoclast formation was done as described previously (19, 23) . TRAP staining was performed according to the manufacturer's instructions (Sigma), and the number of TRAP-positive cells with three or more nuclei in five 4ϫ fields was counted blinded to genotype.
Cell Signaling and Immunoblotting-TGN cells were plated in 6-well plates, serum-starved for 2 h, and treated with different doses of IFN-␥ in RPMI 1640 media containing 10% fetal bovine serum for 1-72 h. Protein lysates were harvested in RIPA buffer (Sigma) containing protease inhibitors mixture (Roche Applied Science) and then quantified by BCA method (Pierce). Total of 40 g of protein was electrophoresed and blotted with relevant antibodies by immunoblot analysis. For phospho-AKT, rabbit monoclonal antibody was from Covance Research Products (Princeton, NJ) at 1:250; and all other antibodies were ordered from Cell Signaling (Danvers, MA), including the following: total AKT, polyclonal, 1:1000; total ERK, polyclonal, 1:1000; total STAT1, polyclonal, 1:1000; phospho-STAT1, polyclonal, 1:1000; phospho-ERK, monoclonal, 1:1000; and anti-caspase-3 antibody, 1:500. Anti-Tax monoclonal antibody was a gift from Dr. Tanaka and used at a 1:1000 dilution (21) .
Statistical Analyses-Several experiments were reported in this study, and different outcome variables were measured. Thus, different statistical methods were used to test the association between outcome variables and groups depending on the sample sizes, and sampling distributions of the outcome variables were involved in these comparisons. In general, when sample sizes were small and/or the variances in the different treatment groups were not homogeneous, nonparametric tests were used (two-sample Wilcoxon rank-sum (Mann-Whitney)). Wilcoxon rank-sum test was used to compare peripheral soft tumor incidence, serum TRAP, and rate of osteolytic lesion formation between the two mice groups. ANOVA and two-sample Student's t tests were used to compare histomorphometric outcome variables, in vitro viability and proliferation, serum calcium levels, and BMD. ANOVA with repeated measures was used to compare tumor volume across time between treated versus control mice ( Fig. 2a and Fig. 5e ). For these repeated measures, ANOVA models take into account the correlations of measurements within same mice. The Bonferroni method was used to adjust for multiplicity when pairwise comparisons were performed. Differences were considered statistically significant when the p value was Ͻ0.05. 
RESULTS

Increased Osteolytic Tumor Formation and Osteoclast Activity in Tax
ϩ IFN-␥ Ϫ/Ϫ Mice-
IFN-␥
Ϫ/Ϫ mice also revealed significant increases in the number of osteolytic bone lesions (Fig. 1, a-c) . In addition to osteolytic lesions in the tail vertebrae, Tax ϩ IFN-␥ Ϫ/Ϫ also developed osteolytic lesions in the appendicular skeleton, which were a rare occurrence in Tax ϩ IFN-␥ ϩ/ϩ mice (Fig. 1a) . Increased numbers of tartrateresistant acid phosphatase (TRAP)-expressing OCs were present in the tail vertebrae of Tax ϩ IFN-␥ Ϫ/Ϫ mice (Fig. 1b) . Serum levels of the OC marker, TRAP, were significantly higher in Tax ϩ IFN-␥ Ϫ/Ϫ mice consistent with increased OC activity in vivo (Fig. 1d) . Also suggesting increased OC activity, Tax ϩ IFN-␥ Ϫ/Ϫ mice had significantly elevated serum calcium compared with non-Tax transgenic wild type (WT) age-matched historical controls (Fig. 1e) . Evaluation of BMD as measured by DXA analysis demonstrated decreased BMD in the femur of tumorbearing Tax ϩ IFN-␥ Ϫ/Ϫ mice compared with Tax (Fig. 1f) . Histomorphometric analysis of tail vertebrae demonstrated a significant increase in OC numbers and OC perimeters covering the bone surface (Fig. 1, g and h) . These data show that, compared with Tax (Fig. 2a ). There were no visible differences in the size of established tumors between the two groups during the treatment period; however, in vivo BrdUrd labeling showed a significant decrease in BrdUrd uptake by soft tissue tumors (Fig. 2, b and c) . These data demonstrate that recombinant IFN-␥ administration decreased new soft tissue tumor formation and decreased the proliferation rate of established tumors in tumor-bearing Tax transgenic mice.
IFN-␥ Directly Inhibited Growth of Tax
ϩ Tumor Cells in Vitro-IFN-␥ has been reported to directly decrease tumor cell proliferation in vitro (4, 24, 25) . We hypothesized that the increased tumor burden in Tax ϩ IFN-␥ Ϫ/Ϫ mice was due in part to the lack of IFN-␥-mediated inhibition of tumor growth in vivo. To test this hypothesis, we developed a Tax-expressing cell line from a tumor that spontaneously arose in a Tax ϩ IFN-␥ Ϫ/Ϫ mouse. Although this tumor line does not have the ability to produce IFN-␥, it does retain the signaling pathway necessary to respond to the cytokine. Preliminary observations showed that the TGN cells were tumorigenic, highly metastatic, and demonstrated significant pro-osteoclastogenic capabilities, which recapitulates many of the biological behaviors of spontaneous tumors in HTLV-1-Tax transgenic mice (supplemental Fig. 1 ). We therefore used TGN cells to evaluate the direct anti-tumor effect of IFN-␥, independent of its actions on host cells. TGN cells express IFN-␥ receptor by RT-PCR analysis at a similar level to a Tax ϩ IFN-␥ ϩ/ϩ tumor line (Tax ϩ interferon-␥ positive; TGP) (Fig. 3a) . IFN-␥ treatment significantly decreased TGN cell viability in vitro as measured by MTT assay and inhibited proliferation of TGN cells by BrdUrd incorporation assay (Fig. 3, b and c) . This effect was not dependent on the intrinsic ability of the cells to produce IFN-␥, as TGP cells also exhibited decrease viability following IFN-␥ treatment (supplemental Fig. 2) .
IFN-␥ dose-dependently induced phosphorylation of the canonical IFN-␥ transcription factor, STAT1, in TGN cells (Fig.  3d) . The phosphorylation of STAT1 suggests that the proximal components of the canonical IFN-␥ signaling pathway remain functional in this tumor cell line. IFN-␥ treatment also decreased ERK phosphorylation in a dose-dependent manner (Fig. 3d) . This decrease was consistent with our BrdUrd data ( Fig. 3c) as ERK phosphorylation is associated with cell cycle progression and cell proliferation. To examine if the ERK pathway was responsible for the decrease in TGN viability following IFN-␥ treatment, we cultured cells in the presence of the MEK1/2 inhibitor U0126. As a selective inhibitor of the kinase activity of the mitogen-activated protein kinase kinase (MEK), U0126 resulted in downstream inhibition of ERK (26) In the absence of IFN-␥ treatment, U0126 decreased the viability of TGN cells, suggesting that ERK phosphorylation was required for their viability (Fig. 3e) . IFN-␥ treatment in the presence of U0126 further decreased the viability of TGN cells (Fig. 3e) . The additive effect of U0126 and IFN-␥ suggested that the decrease in TGN viability cannot be attributed solely to decreased ERK phosphorylation.
We next investigated if IFN-␥ may also be causing apoptosis of TGN cells. Microscopically, DAPI staining of IFN-␥-treated TGN cells showed conspicuous DNA fragmentation (Fig. 3f) . IFN-␥ also induced a dose-dependent increase in the cleavage and activation of caspase-3 (Fig. 3g) . Additionally, TGN cells treated with IFN-␥ exhibited increased annexin-V staining as compared with untreated cells (Fig. 3h) . Annexin-V staining detects phosphatidylserine expression on the outer cell membrane, a marker of apoptosis. We also observed a modest decrease in the phosphorylation of Akt, a mediator of cell survival (Fig. 3d ). These results demonstrate that IFN-␥ can directly affect the viability and proliferation of Tax-expressing tumor cells in vitro with associated attenuation of ERK phosphorylation and caspase-3-mediated apoptosis.
Enhanced (Fig. 4, a and b) . Previously it has been shown that IFN-␥ can directly inhibit in vitro OC formation (8, 27, 28) . In Tax ϩ IFN-␥ Ϫ/Ϫ and Tax ϩ IFN-␥ ϩ/ϩ mice, in vitro OC formation was significantly inhibited in a dose-dependent fashion by IFN-␥ treatment (Fig. 4c) , whereas OC formation for BMMs isolated from IFN-␥R Ϫ/Ϫ cells were not affected (data not shown). Consistent with this observation, both Tax OC expressed a similar level of IFN␥R1 by RT-PCR (Fig. 4d) . To further investigate the molecular mechanism responsible for this inhibitory effect, we tested the effects of IFN-␥ on proliferation of osteoclast progenitors (BMM). Treating Tax ϩ IFN-␥ Ϫ/Ϫ M-CSF-stimulated BMMs with low doses of exogenous IFN-␥ resulted in decreased proliferation as measured by BrdUrd uptake (Fig. 4e ). These data demonstrate that Tax Tumor growth in the IFN-␥-treated mice was significantly decreased as compared with vehicle control (Fig. 5, a and b) . Mice administered IFN-␥ also had decreased serum calcium (Fig. 5c ) and decreased bone loss as measured by DXA (Fig. 5d) . Because IFN-␥ also plays an important role in anti-tumor immune responses (1), it is possible that the inhibition of tumor growth observed in IFN-␥ treated mice could be a result of the stimulatory effect of IFN-␥ on the host immune system rather than solely through direct inhibition of TGN tumor cell growth.
To differentiate between IFN-␥ actions on the tumor cells and on the host cells, we subcutaneously implanted IFN-␥-responsive TGN tumor cells into IFN-␥ receptor-deficient (IFN-␥R1 Ϫ/Ϫ ) mice that have IFN-␥ unresponsive host cells. We found that IFN-␥ treatment abrogated TGN tumor growth in these mice (Fig. 5e) , confirming that IFN-␥ directly acts on the tumor cells, as host cells in IFN-␥R1 Ϫ/Ϫ mice are unable to bind and respond to the cytokine. However, IFN-␥ administration did not affect serum calcium levels or tumor-associated bone loss in mice lacking IFN-␥R1 (Fig. 5, f and g ). These results suggest that IFN-␥ modulates tumor-associated bone loss and hypercalcemia by directly targeting host-derived cells. Together these results indicate IFN-␥ directly acts on both tumor cells and host-derived cells to block tumor growth and the skeletal complications of malignancy, respectively. We have demonstrated that IFN-␥ exerted direct anti-tumor effects on a Tax-expressing tumor cell line, including decreased proliferation, attenuation of ERK phosphorylation, and caspase 3 activation (Fig. 3) . In vivo, IFN-␥ administration to tumorbearing Tax ϩ IFN-␥ Ϫ/Ϫ mice prevented new tumor formation and caused a reduction in tumor cell proliferation as evidenced by decreased BrdUrd incorporation (Fig. 2) . Although IFN-␥ halted the continued growth of established tumors, no significant reduction in their size was observed. In this study, we also observed decreased growth of a Tax Because of the wide range of mutations, single nucleotide polymorphisms, and signaling pathway deregulations observed in tumor cells, tumor cells are not universally sensitive to IFN-␥. However, IFN-␥ has also been reported to decrease proliferation of non-Tax-expressing tumors, such as experimental ovarian and neuroendocrine carcinoma cells (4, 24, 25) , suggesting that the anti-tumor activity of IFN-␥ is not limited to Tax-expressing tumors. Although we found that IFN-␥ induced STAT1 phosphorylation and inhibited Tax ϩ -expressing tumor cell viability, others have reported that HTLV-1 Tax-expressing T cell leukemias require STAT3, STAT5, and JAK for their proliferation (32) . These data highlight the diversity among tumors in JAK/STAT signaling pathways, even those expressing the same oncogene.
Our data support a direct anti-tumor effect of IFN-␥ but also identify an additional previously unexplained indirect manner by which host osteoclasts contribute to Tax ϩ tumor growth. The increased tumor burden observed in Tax ϩ IFN-␥ Ϫ/Ϫ mice and in subcutaneously implanted Tax ϩ tumor cells was associated with enhanced OC recruitment and activation, increased trabecular bone loss, and elevated serum calcium. We have previously shown that inhibition of OC formation and function decreases osteolytic bone lesions and soft tissue tumors in Tax transgenic mice (17) . Likewise, enhancement of OC activity has been shown to enhance tumor burden in bone, partly through OC-mediated release of growth factors stored in the bone matrix during resorption (33, 34) . It has also been shown that IFN-␥ directly inhibits osteoclastogenesis in vitro and that this inhibitory effect is mediated by IFN-␥-induced increased degradation of TRAF-6 protein in RANKL-stimulated bone marrow-derived macrophages (8, 27, 35) . In vivo, however, the role of IFN-␥ in osteoclast biology and pathological bone diseases remains controversial. Mice lacking an intact IFN-␥ signaling pathway are more susceptible to collagen-induced arthritis (9 -11) and associated bone loss. This could be mediated indirectly through the host immune system rather than by direct targeting of OCs. Recently, Gao et al. (12) showed that IFN-␥ indirectly stimulates, rather than inhibits, osteoclast formation and bone loss in vivo after ovariectomy by stimulating antigen-driven T cell activation. Enhanced osteolytic lesion formation in Tax ϩ IFN-␥ Ϫ/Ϫ mice and the ability of IFN-␥ to significantly reduce hypercalcemia and bone loss in tumor-bearing wild type but not IFN-␥R1 Ϫ/Ϫ hosts strongly support a direct anti-osteoclastogenic role for IFN-␥ in the setting of cancer-induced bone disease.
Unlike patients with autoimmune diseases such as rheumatoid arthritis and T cell-mediated bone loss in postmenopausal osteoporosis (36 -38) , many cancer patients, particularly those with advanced disease, are in a immunosuppressive state (39 -41) . Therefore, we hypothesize that the diminished skeletal health and increased tumor-associated bone loss observed in advanced stage cancer patients could be due to a lack of IFN-␥-mediated inhibition of both osteoclasts and tumor cells. Tax In this study we also found that IFN-␥ negatively regulates M-CSF-mediated proliferation and survival of osteoclast progenitors. This is consistent with previous observations by Xaus et al. (42) . In addition, Fenton et al. (43) showed that primary alveolar macrophages isolated from tuberculosisinfected hosts produce IFN-␥ in vitro. One possibility is that BMMs isolated from Tax ϩ IFN-␥ ϩ/ϩ mice may secrete IFN-␥ into the media and subsequently suppress M-CSF-mediated OC survival and proliferation. Conversely, BMM from Tax ϩ IFN-␥ Ϫ/Ϫ are incapable of IFN-␥ Ϫ/Ϫ production, and this may partially account for the differences in the in vitro OC formation seen between these two genotypes. Whether IFN-␥ also regulates M-CSF-mediated OC survival and OC differentiation in vivo remains to be investigated.
We also observed significant reduction of Tax-expressing tumor cell-induced hypercalcemia and bone loss after IFN-␥ treatment. Currently about 10 -30% of cancer patients develop humeral hypercalcemia of malignancy (HHM), and there are few effective treatments to prevent this serious complication. Furthermore, some cancer patients with HHM are refractory to bisphosphonate treatment because of parathyroid hormone-related protein (PTHrP)-stimulated calcium reabsorption in renal tubules (44) . Because PTHrPproducing tumor cells are major culprits of HHM, direct targeting of tumor cells decreases their PTHrP secretion. In addition to direct inhibitory effects on osteoclasts, IFN-␥ may play a unique role both for the prevention and treatment for patients with HHM. We are currently investigating the hypercalcemia-associated humoral factors secreted by Taxexpressing tumor cells and the specific effects of IFN-␥ treatment on these factors.
In conclusion, we have shown that, in addition to its direct anti-tumor effects, IFN-␥ also suppresses tumor-induced bone loss and hypercalcemia in Tax ϩ mice. IFN-␥ mediates these effects by directly targeting host OCs to inhibit osteolysis. These data suggest a protective role for IFN-␥ that warrants additional research into novel therapeutic treatments for patients with bone metastases and hypercalcemia of malignancy.
